Introduction
============

Protein N-myristoylation was first identified in the catalytic subunit of cAMP-dependent protein kinase from bovine cardiac muscle using modern mass spectrometric techniques by K. Titani and his coworkers in 1982.^[@r01])^ After that, calcineurin,^[@r02])^ MMLV p15^gag^,^[@r03])^ NDAH cytochrome b5 reductase,^[@r04])^ pp 60^src\ [@r05]--[@r08]^ were found to be myristoylated using similar techniques in succession. The N-termini of proteins are modified with myristate, a 14-carbon saturated fatty acid (Fig. [1](#fig01){ref-type="fig"}), and the enzymology of myristoylation reaction has been well characterized.^[@r09])^ NMT, which exists in all eukaryotes, catalyzes the reaction. In the case of human, two enzymes are known to catalyze the reaction. The substrates are co-translationally myristoylated (Table [1](#tbl01){ref-type="table"}). The myristoylated site is limited to N-terminal glycine, and the linkage is formed by an amide bond. Experiments using substrate peptides have revealed that the enzyme recognizes approximately only ten residues from the N-termini of substrates, and there is no consensus sequence for myristoylation besides glycine at the second position and serine at the sixth position, i.e., MGXXXSXX in the precursor proteins. For myristoylation by NMT, the removal of initiation methionine residue by methionyl aminopeptidase is needed, since exposed glycine residue at N-termini is required. The detection of myristoylation has been difficult because of low chemical reactivities of the myristoyl group, but recent advances in mass spectrometry have made the detection relatively easy. Besides myristoylation, another lipid N-modification was also identified.^[@r10])^ In this article, recent studies on myristoylated proteins including post-genome research studies are described.

Function of myristoyl moiety
============================

Anchoring to membranes.
-----------------------

In consideration of its strong hydrophobicity, myristoylation has been thought to act as an anchor for modified proteins to biomembranes.^[@r11],[@r12])^ However, it is obvious that the myristoyl moiety alone is not sufficient to capture large molecules, such as proteins, at membrane fractions. Other protein fatty acylations such as S-palmitoylation and the presence of other basic regions in the molecule in addition to myristoylation might function to strengthen affinities of the myristoylated proteins to membranes.^[@r11],[@r13])^ Unlike membrane proteins with trans-membrane domains, myristoylated proteins can leave membranes under their regulation using certain signaling systems.

Interaction with CaM.
---------------------

We have found that CAP-23/NAP-22, a neuron specific protein isolated from rat brain, is N-myristoylated, and that the myristoylation is essential for its interaction with CaM in the presence of Ca^2+^. In addition, the CaM-binding site has been narrowed down to the myristoyl moiety together with the N-terminal basic domain of 9 amino acid residues, GGKLSKKKK.^[@r14],[@r15])^

CaM is a small calcium-binding protein (16.7 kDa) involved in a wide range of cellular Ca^2+^-dependent signaling pathways through various enzymes, including protein kinases, protein phosphatases, nitric oxide synthase, inositol triphosphate kinase, nicotinamide adenine dinucleotide kinase, and cyclic nucleotide phosphodiesterase.^[@r16]--[@r19])^ CAP-23/NAP-22, a neuron-specific protein, was first isolated from chicken brain and characterized as a 23 kDa cortical cytoskeleton-associated protein (CAP-23),^[@r20])^ and the rat homologue was later isolated as NAP-22.^[@r21])^

To examine the effects of myristoylation on the interaction of CAP-23/NAP-22 with CaM, two recombinant proteins, i.e., non-myristoylated and myristoylated CAP-23/NAP-22 proteins, were produced in *E.* *coli*. For the myristoylated protein, a pBB131 vector (a gift from Dr. J. I. Gordon) containing yeast N-myristoyl transferase cDNA was co-transformed.^[@r22],[@r23])^ Both of its proteins were purified by successive column chromatography on Phenyl-Sepharose and Resource RPC (Amersham Pharmacia Biotech), and the authenticity of the two proteins was established by electrospray mass spectrometry (Fig. [2](#fig02){ref-type="fig"}). The mass of the non-myristoylated protein was determined to be 21,629.2 ± 2.9 Da (the theoretical mass; 21,629.1 Da), while that of the myristoylated protein was 21,839.5 ± 2.0 Da (the theoretical mass; 21,839.5 Da). These results indicated that the two proteins differed only in their N-terminal myristoylation.

Interaction of the two recombinant proteins with CaM was analyzed by the binding to CaM-agarose beads (Fig. [3](#fig03){ref-type="fig"}). Clearly, only the myristoylated protein bound to the CaM-beads, and most of the bound protein was eluted with a Ca^2+^-free buffer. The non-myristoylated protein did not bind to the CaM beads to any significant extent. Therefore, CAP-23/NAP-22 bound to CaM in a Ca^2+^ and myristoylation-dependent manner. It was also shown that the binding of mC/N9, N-myristoylated 9 residue peptide corresponding to the N-terminal CaM binding site of CAP-23/NAP-22, to CaM was dependent on the existence of the myristoyl moiety (Fig. [4](#fig04){ref-type="fig"}). Furthermore, phosphorylation of Ser5 in the N-terminal region of CAP-23/NAP-22 by PKC abolished the binding of CAP-23/NAP-22 to Ca^2+^/CaM (Fig. [4](#fig04){ref-type="fig"}).^[@r14])^ This was assumed to be caused by the introduction of an oppositely charged group into the middle of the basic residues that were essential in making the ionic contact with negatively charged CaM.

Gel shift assay for stoichiometric analyses of the interaction between CAP-43/NAP-22 and Ca^2+^/CaM clearly indicated that two molecules of CAP-43/NAP-22 bound to one molecule of CaM (Fig. [5](#fig05){ref-type="fig"}). Ca^2+^/CaM molecule adopted an 'elongated' structure that comprised two globular domains connected by a highly flexible linker.^[@r24]--[@r30])^ The binding of Ca^2+^/CaM to the target peptide induced a compact globular structure caused by the bending of the domain linker.^[@r31]--[@r33])^ The target peptides formed an α-helix in the complexes in a basic amphiphilic nature. Besides the traditional mechanism for the target recognition of CaM described above, other novel mechanisms were identified. It was shown that a single unique complex of Ca^2+^/CaM was formed with two peptides that corresponded to the C-terminal region of petunia glutamate decarboxylase (PGD). The formation of a 1:2 protein--protein complex was unusual; normally, Ca^2+^/CaM forms 1:1 complexes with the majority of its target proteins.^[@r34])^ It has previously been shown that a peptide corresponding to the N-terminal portion of the CaM-binding domain in plasma membrane calcium pump bound only to the C-terminal half of CaM, and that, in binding to the peptide, CaM did not form any of the collapsed structures observed in the previous studies.^[@r35])^

SAXS can capture structural transformations of proteins in solution in terms of changes in the radius of gyration. The SAXS analysis indicated that the binding of two mC/N9 molecules induced a drastic structural change in Ca^2+^/CaM (Fig. [6](#fig06){ref-type="fig"}). The radius of gyration for the Ca^2+^/CaM-mC/N9 complex was 19.8 ± 0.3 Å (Table [2](#tbl02){ref-type="table"}). This value was significantly smaller than that of Ca^2+^/CaM (21.9 ± 0.3 Å), which adopted a dumbbell structure and was 2--3 Å larger than those of the complexes of Ca^2+^/CaM with the non-myristoylated target peptides of MLCK or CaM kinase II, which adopted a compact globular structure.^[@r36])^ The pair distance distribution function had no shoulder peak at around 40 Å which was mainly due to the dumbbell structure. These results suggested that Ca^2+^/CaM interacted with N^α^-myristoylated CAP-23/NAP-22 differently than it did with other non-myristoylated target proteins.

We analyzed the interaction between mC/N9 and Ca^2+^/CaM using ^15^N labeled CaM and two-dimensional ^1^H-^15^N HSQC NMR spectroscopy. Portions of the NMR spectra for Ca^2+^/CaM in the absence or presence of mC/N9 are shown in Fig. [7](#fig07){ref-type="fig"}. When mC/N9 was added, shifts of certain peaks were observed in the ^1^H-^15^N HSQC NMR spectra of Ca^2+^/CaM. Some drastic shifts of the peaks were also observed by addition of 2 molar equivalents of mC/N9.

Unlike other CaM target proteins, CAP-23/NAP-22 lacked any canonical CaM-binding motif of a basic amphiphilic nature, suggesting that the myristoyl moiety of the protein plays a direct role in the protein--protein interaction.

In the case of M13 (the CaM-binding domain of MLCK), the amphiphilic nature of the peptide required for its binding to CaM was induced by the α-helical conformation. The CaM-binding domain of CAP-23/NAP-22 adopted a non-helical conformation in the Ca^2+^/CaM-complex.^[@r14])^ The N-terminal domain of CAP-23/NAP-22 contained one hydrophobic residue (Leu4) in addition to five basic residues (Lys3, Lys6, Lys7, Lys8 and Lys9). In this domain, one hydrophobic acyl group (N-terminal myristoyl moiety) was followed by one basic residue (Lys3) and then one hydrophobic residue (Leu4). This result resembled the canonical CaM-binding motif, in which positively charged hydrophilic and hydrophobic residues alternated.^[@r37],[@r38])^ If the acyl group had been substituted for a large hydrophobic residue, such as Trp or Leu found in the canonical CaM-binding motif, the overall structural characteristics would have appeared to be very similar to each other. The distance between the myristoyl moiety and Leu4 was comparable to that between the two critical hydrophobic residues found in M13 (Fig. [8](#fig08){ref-type="fig"} ; shown in red). TFP and N-(6-aminohexyl)-5-chloro-1-naphthalenesulfonamide (W-7) are small compounds known to bind to CaM.^[@r39])^ Although the chemical structure of TFP/W-7 clearly differed from that of mC/N9 or M13, it also contained hydrophobic groups (Fig. [8](#fig08){ref-type="fig"}; shown in red) as well as positively charged groups (Fig. [8](#fig08){ref-type="fig"}; shown in blue), and these groups were the cause of the amphiphilic nature of the molecule. All these observations together emphasized the importance of the amphiphilic nature required for the binding of CaM-binding molecules, not only proteins but also bioactive small molecules, to Ca^2+^/CaM.

Physiological function of myristoylation
========================================

Myristome; comprehensive analysis of N^α^myristoylated proteins.
----------------------------------------------------------------

Using the complete genome data, a comprehensive prediction of myristoylated proteins was performed. A substrate of a known complex of myristoylation enzyme was replaced by peptides with the N-terminal sequence of all the gene products anticipated from the genome data, and the affinities were evaluated (<http://mendel.imp.ac.at/myristate/myrbase/>).^[@r40])^ Then, the prediction was experimentally verified by mass spectrometry and a peptide array method. Peptides corresponding to the N-terminal amino acid sequences of the candidates were arranged. Incorporations of the myristoyl group were detected by radioisotope. Apart from that, the prediction was also assayed by mass spectrometric analyses (<http://mendel.imp.ac.at/myristate/myrbase/MYRBASE_additional_data_file_1.pdf>). Surprisingly, the results indicated that 0.5% of proteins in eukaryotic cells are myristoylated.

In brain.
---------

The physiological function of CAP-23/NAP-22 has yet to be determined, but its involvement in synaptogenesis and neuronal plasticity has been suggested.^[@r41],[@r42])^ CAP-23/NAP-22 is related to other neuron-specific acidic proteins, such as GAP-43 and MARCKS^[@r20],[@r21],[@r43])^ because it is also a prominent substrate of PKC. MARCKS family proteins have their own common properties; they are natively unfolded proteins,^[@r44])^ heat stable, major PKC substrates in neuronal cells, fatty-acylated, and they interact with CaM.^[@r44])^ The phosphorylation site, the myristoylation site, and the CaM binding site of CAP-23/NAP-22 are located in the same region. Phosphorylation of a single serine residue in the N-terminal domain by PKC abolished the binding of CAP-23/NAP-22 to Ca^2+^/CaM. These results strongly suggested that crosstalks among several distinct intracellular signal transduction systems in brain are being carried out in the N-terminal region of CAP-23/NAP-22. Besides CAP-23/NAP-22, myristoylation of Cdk5 has been found to regulate the localization in the cells,^[@r45])^ and many other myristoylated proteins are thought to play key roles in brain where rapid and flexible responses are required.

Oncogene products.
------------------

Table [3](#tbl03){ref-type="table"} shows an alignment of the N-termini of some of the myristoylated proteins. Lysine (K) is required to form the amphiphilicity necessary for association with CaM. Serine (S) can be used for a phosphorylation site to regulate the proteins. Myristoylated proteins having both lysine and serine in the N-terminal myristoylation domains might be under the regulatory control described above. The myristoylated N-terminal region of Src kinase meets the requirements for CaM binding, and it also has serine residues phosphorylated by other protein kinases. In fact, it has been suggested that Src kinase may be regulated by the same mechanism found in the case of CAP-23/NAP-22.^[@r46])^ To stably anchor src kinase on the membranes, certain coupling factors are likely to be needed in addition to myristoylation of the protein.

HIV Nef.
--------

HIV Nef (one of the human immunodeficiency virus gene products) is another example. Using an algorithm for the prediction of myristoylation,^[@r40])^ it has been found that all of the several hundred Nef isoforms are perhaps myristoylated. This result suggests that Nef myristoylation is necessary for its function. The myristoylated N-terminal region of Nef also meets the requirements for CaM binding, and it also has serine residues phosphorylated by other protein kinases. Therefore, Nef is considered to use the same mechanism to intervene in the signaling systems of the host cells.^[@r15],[@r47])^

Signal transduction between membranes and cytoplasmic fractions through myristoylated proteins
==============================================================================================

Functional implication of myristoyl moiety.
-------------------------------------------

Because of the reversibility of these transitions, they are considered to play a role in communications between membranes and cytoplasmic fractions. Recently, some reports have shown that myristoylated proteins exist in membrane micro domains, called rafts,^[@r48])^ and they are thought to function for processing the signals rapidly and flexibly. Therefore, myristoylated proteins may be designed as multi-functional molecules. Figure [9](#fig09){ref-type="fig"} shows a summary of reversible translocations of myristoylated proteins between membranes and cytoplasmic fractions under the regulation of signaling system crosstalks. Phosphorylation of myristoylated proteins abolishes their interactions with CaM, and it might also reduce their affinities to membranes because of the introduction of negative charges. Their interactions with CaM might also inhibit their localization to membranes because CaM which binds directly to the myristoyl moiety is essential for the membrane binding by serving as a membrane anchor. The state of membranes may also have effects on their interactions. Some myristoylated proteins have been reported to localize transiently to membrane micro-domains according to the state of cells.^[@r49])^

The involvement of protein myristoylation in protein--protein interactions has been implied in various studies,^[@r50]--[@r52])^ but it has never been clearly demonstrated. To the best of our knowledge, our result is the first report directly demonstrating the involvement of myristoylation in protein--protein interactions. Protein myristoylation has been implicated in the regulation of various signal transduction proteins,^[@r11],[@r53])^ and in addition, there are many other potential myristoylated proteins whose myristoylation can be predicted from their amino acid sequences. Among these proteins, some have functionally important features besides myristoylation, such as the possession of basic residues (lysine), and the target residue of phosphorylation by protein kinase C (serine) (Table [3](#tbl03){ref-type="table"}). Therefore, there might be a strong possibility that myristoylation-dependent protein--protein interactions play important roles in at least some of these cases.^[@r36])^

Subcellular localization regulated by myristoylated domains.
------------------------------------------------------------

A simulation of the membrane binding of a myristoylated domain shows that not only the myristoyl group, but also the N-terminal region, might contribute to the membrane binding.^[@r12])^ Myristoylated proteins have their own myristoyl groups in common. However, their N-terminal amino acid sequences are considerably divergent. The amino acid sequences of the first 10 members in the database of predicted myristoylated proteins exhibit very different pI values and hydrophobicity profiles, as shown in Fig. [10](#fig10){ref-type="fig"}. It can be speculated that a variety of the properties in the N-terminal regions of myristoylated proteins could result from differences in their membrane targeting regions. Both the N-terminal regions of the myristoylated proteins and the contents of their target membranes may exert great influence on the affinities between the proteins and the membranes. In fact, different myristoylated proteins have been isolated from different membrane fractions.^[@r54])^ Furthermore, several groups have reported that different modifications of the amino acid sequences at myristoylated domains altered their localizations in cells.^[@r55]--[@r57])^

Future perspectives
===================

New techniques for analyses of delicate interactions.
-----------------------------------------------------

The biological significances of myristoylated proteins could be elucidated by observing the behavior of each myristoylated protein in living cells. One particular molecule tracking technique seems to be a powerful tool for this purpose, but the target molecule is required to be labeled with a fluorescent probe for this analysis. However, the anchoring affinity of myristoyl proteins to membranes is generally not so strong, and the proteins of more than 20 kDa can remain at membrane fractions unstably only by the myristoyl group,^[@r58])^ and the heavy probes generally used, like those for green fluorescent protein (GFP), are predicted to change the dynamics of the target proteins and result in some artifacts. Thus, a new methodology for site-selective post-translational modification of proteins has been developed.^[@r59])^ Using this technique, any probe could be introduced to any site of the protein.

Also, in order to observe the motion of target proteins in living cells, an in-cell NMR technique has been developed.^[@r60])^ Combination of existing methodologies and these new technologies would be indispensable to elucidate the regulatory mechanisms of delicate and complicated signal processing involving myristoylated proteins.

New insight into rapid and flexible signal processing on the cell surface.
--------------------------------------------------------------------------

As is shown herein, a wide variety of myristoylated proteins are suggested to be involved in various intracellular signaling pathways between membranes and cytoplasm fractions. Although these myristoylated proteins are produced by the same mechanism, their biological significances must be different with one another. Considering the proteins whose functions are regulated by myristoylation as cross-talk points in the intracellular signal transduction systems, the known signaling pathways could be linked to one another. Accordingly, a novel map of their intracellular signal transduction network could be constructed.

We thank all our collaborators who have contributed our research projects described herein. We also thank Dr. T. Yamakawa, [M.J.A.]{.smallcaps}, for inviting us to submit this review to the journal, Dr. S. Nakanishi, [M.J.A.]{.smallcaps}, for communicating it to the jounal and Mr. Ron Belisle for editing our manuscript.

CaM

:   calmodulin

NAP-22

:   22kDa neuron-specific acidic protein of rat

NMT

:   N-myristoyl transferase

MLCK

:   myosin light chain kinase

GAP-43

:   growth associated protein-43

MARCKS

:   myristoylated alanine-rich protein kinase C substrate

HIV Nef

:   negative factor, a human immunodeficiency virus gene products

SAXS

:   small angle X-ray scattering

NMR

:   nuclear magnetic resonance

HSQC

:   hetero nuclear single quantum coherence spectroscopy

TFP

:   trifluoperazine

PKC

:   protein kinase C

Nobuhiro Hayashi was born in Kyoto, Japan, in 1964. He is interested in understanding life at molecular level, and uses freely physicochemical techniques such as NMR, mass spectroscopy, solution small angle X-ray/neutron scattering, fluorescence spectroscopy, circular dichroism spectroscopy, surface plasmon resonance spectroscopy, and so on. He graduated Department of Physics, Faculty of Science, University of Tokyo in 1989. He started his research from 1989 and received Ph. D. with the thesis entitled "Functional and structural analyses of specific conformation of *E.* *coli* lysyl-tRNA anti-codon using NMR" from Tokyo Institute of Technology in 1994 with Prof. Kimitsuna Watanabe. From 1994 to 2000, he studied function of N-myristoylation of protein, and found novel regulatory mechanism of intracellular signal transduction system through reversible translocation of myristoylated proteins as Research Associate and Assistant Professor with Prof. Koiti Titani at Division of Biomedical Polymer Science, Institute of Comprehensive Medical Science, Fujita Health University. The results are described in the paper this time. From 2000 to 2008, he expanded the research, and revealed that there are many myristoylated proteins in the cells and some of them participate in functional regulation of micro-domain on the membrane, membrane lipid raft, as Associate Professor with Prof. Keiichiro Hashimoto at Division of Biomedical Polymer Science, Institute of Comprehensive Medical Science, Fujita Health University. Parts of the results are also mentioned in the paper. In those days, he has developed high performance proteomics technique independently, and site-selective labeling methodology by joint researches. From 2008, he started structural and functional analysis of membrane lipid raft using these techniques as Associate Professor at Department of Life Science, Graduate School of Bioscience and Biotechnology, Tokyo Institute of Technology. Besides the raft researches, he has applied these new techniques to various objects to open up a new field of life science by high throughput and comprehensive analyses of gene products of the cells. So far, he had contributed to publications of 50 original papers in English in the first-rate journals including Nature, Proc. Natl. Acad. Sci. USA, J. Biol. Chem., J. Mol. Biol., Biochemistry, Biochem. J., J. Neurocham., and Protein Sci.

Koiti Titani was born in Tokyo, Japan, in 1930. He had devoted himself to the development of "Protein Science" consistently until his retirement in 2000. He graduated Department of Chemistry, Faculty of Science, University of Tokyo in 1955. He started his research from 1954 and received Ph. D. with the thesis entitled "Relationship between Structure and Function of Cytochrome c" from University of Tokyo Graduate School of Chemistry in 1960. He determined the complete amino acid sequence of cytochrome c from baker's yeast in 1963, the first complete chemical structure of a protein determined in Japan, as Instructor and Assistant Professor with Prof. K. Narita at the Division of Chemical Structure, Institute for Protein Research, Osaka University (1960--1969). He worked with Prof. F. Putnam at Department of Biochemistry, School of Medicine, University of Florida, and at Division of Biological Science, Indiana University (1964--1967) to determine the complete amino acid sequence of the first several κ- and λ-type Bence-Jones Proteins secreted in urine of myeloma patients, which are equivalent to the light chain of immunoglobulins, and contributed to proposal for the structural model and evolution of antibody. He was appointed to Research Associate Professor (1969--1976) and Research Professor (1976--1986) at Department of Biochemistry, School of Medicine, University of Washington (also Investigator of Howard Hughes Medical Institute, 1977--1983) and determined the amino acid sequence of many proteases in a research group on proteolytic enzymes of Prof's K. Walsh and H. Neurath, including thermolysin (the first characterized thermostable protease), bovine blood coagulation factor X and IX (the first characterized non-digestive proteases) in collaboration with Prof's. K. Fujikawa and E. Davie *et* *al.* and rat cathepsin B and H (the first characterized SH proteases in animals) with Prof. N. Katsunuma *et* *al.* at Tokushima University. He also first elucidated the amino acid sequence and its function relationship of rabbit glycogen phosphorylase b, which is activated by phosphorylation, and various bovine protein kinases including cAMP-dependent, cGMP-dependent, glycogen phosphorylase b and Ca-dependent myosin light chain kinases in collaboration with Prof's E. Krebs and E. Fischer who were Nobel Prize laureates in Physiology and Medicine in 1992. These studies have been highly evaluated in the world as one of pioneer works on signal transduction in cells. During his structural studies on protein kinases, he and his collaborators first discovered that the N-terminus of the catalytic subunit of bovine cAMP-dependent kinase is myristoylated (a new post- or co-translational modification of proteins reviewed in the present article). He came back to Japan in 1985 as Professor of Division of Biomedical Polymer Science, Institute of Comprehensive Medical Science, Fujita Health University and also as Head of Laboratory for Aging Process Research, Frontier Research Program, Riken (1986--1992). At Riken, he mainly studied proteins related to Alzheimer's disease in collaboration with Prof. Y. Ihara *et* *al.* at University of Tokyo. At the former Institute, he continued the studies on the functional domains and the sugar chains including those of ABO blood type of human von Willebrand factor (VWF), an ultra-large protein which exists in plasma as heteropolymers of the subunit composed of 2,050 amino acid residues and essential for platelet aggregation, of which he had already completed the amino acid sequence in collaboration with Prof. E. Davie *et* *al.* in USA, and other cell adhesion proteins such as fibronectin and N-myristoylated brain proteins such as CAP-22/NAP-23. In addition, he also started the studied on snake venom proteins which regulate the interaction of VWF with platelets including "botrocetin" in collaboration with Prof. Y. Fujimura *et* *al.* at Nara Medical University and with staff members in his own laboratory until his retirement in 2000. By that time, he had contributed to publications of 314 original papers in English in the first-rate journals including Science, Nature, Neuron, Proc. Natl. Acad. Sci. USA, J. Biol. Chem., Biochemistry, Biochem. J., Protein Sci., Blood, J. Clin. Invest., Cancer Res., and Brain Res., and additional 28 review articles in English in proceedings, journals and books. He is now a professor emeritus at Fujita Health University. He was the president of Protein Engineering Society of Japan (now Protein Science Society of Japan) in 1987--1988. He received Tokai Yomiuri Award in Medicine for his contribution to medicine by structural studies on many functional proteins in 1997.

![Chemical structure of the myristoyl moiety. A myristoyl group binds to an N-terminal glycine residue covalently through an amide linkage.](pjab-86-494-g001){#fig01}

![Liquid chromatography (left panel)/electrospray mass spectrometry analyses (right panel) of recombinant non-myristoylated (A) and myristoylated (B) CAP-23/NAP-22. The retention time of myristoylated CAP-23/NAP-22 on the reversed-phase liquid chromatography (left panel of B) was longer than that of non-myristoylated CAP-23/NAP-22 (left panel of A). Each fraction was directly injected into the electrospray mass spectrometry apparatus (right panels). The difference between the observed molecular weights (213.7 Da) corresponded to that of the myristoyl group (210.0 Da).](pjab-86-494-g002){#fig02}

![Effects of myristoylation of recombinant CAP-23/NAP-22 on the interaction with CaM. Binding of the non-myristoylated (A) and myristoylated (B) recombinant CAP-23/NAP-22 to CaM was determined using CaM-agarose. The proteins (Lane 1) were mixed with calmodulin-agarose in 50 mM Tris-HCl buffer (pH 6.8) containing 1 mM CaCl~2~ and 0.2 M NaCl. After a short period of centrifugation in a tabletop centrifuge, the supernatants were removed (Lane 2). The calmodulin-agarose was washed twice with the same buffer. To the sedimented gels, 50 mM Tris-HCl buffer (pH 6.8) containing 0.2 M NaCl and 5 mM EGTA was added. After centrifugation, the supernatants were removed (Lane 3), and the remaining proteins were eluted with the sample buffer containing 1% SDS (Lane 4). The fractions obtained were analyzed by SDS gel electrophoresis.](pjab-86-494-g003){#fig03}

![Effects of myristoylation of NAP-22 N-terminal peptide on the interaction with CaM (A), and the effect of phosphorylation by protein kinase C (B). Bindings of the non-myristoylated (left panel of A), myristoylated (right panel of A), and myristoylated-phosphorylated (B) NAP-22 N-terminal peptide (Gly1-Lys9) to CaM were determined using CaM-agarose as described in Fig. [3](#fig03){ref-type="fig"}. The fractions obtained were analyzed by SDS gel electrophoresis. The synthetic peptide was phosphorylated by PKC purified from bovine brain as described previously.^[@r14])^](pjab-86-494-g004){#fig04}

![Stoichiometric analysis using band shift assay of non-denatured gel electrophoresis revealed the formation of Ca^2+^/CaM-NAP22 complex with the molar ratio of 1:2. Lanes 1 and 6 are results of Ca^2+^/CaM and NAP22. Lanes 2, 3, 4 and 5 are results of Ca^2+^/CaM-NAP22 mixture with the molar ratio of 2:1, 1:1, 1:2 and 1:3, respectively. Bands 1, 2, and 3 correspond to Ca^2+^/CaM-NAP22 complex, NAP22 and Ca^2+^/CaM, respectively. In the presence of the calcium ion (A), upon the formation of the Ca^2+^/CaM-NAP22 complex, the isolated band of CaM disappeared, and, when the molar ratio of Ca^2+^/CaM and NAP22 was over 1:3, the isolated band of NAP22 appeared. In the absence of calcium ion (B), no shift was observed.](pjab-86-494-g005){#fig05}

![The radius of gyration as a function of the molar ratio of mC/N9 to Ca^2+^/CaM at a CaM concentration of 9.0 mg/mL.](pjab-86-494-g006){#fig06}

![Titration of Ca^2+^/CaM with mC/N9 studied by CaM uniformly labeled with ^15^N and ^1^H-^15^N HSQC NMR spectroscopy. The sample contained 0.5 mM CaM, 120 mM NaCl, 2.5 mM CaCl~2~, and 50 mM deuterated TrisHCl (pH 7.5) in 90% H~2~O and 10% D~2~O. The resonance assignments were made with reference to Ikura *et* *al*.^[@r83])^ The three well isolated regions are indicated. The tentative assignments (Lys21, Ile27, Ala57) are shown. The spectra of Ca^2+^/CaM in the presence of 0, 1, 2, 3, 4 and 5 molar equivalents of mC/N9 are shown by the number, respectively.](pjab-86-494-g007){#fig07}

![A comparison between the canonical CaM-binding peptide, TFP, and the myristoylated mC/N9. A space-filling model of the M13 peptide derived from skeletal muscle MLCK in a helical conformation (top); the hydrophobic amino acid residues that play important roles in the CaM interaction are shown in red, and the positively charged amino acid residues are shown in blue. TFP (middle); the hydrophobic aromatic group is shown in red, and the positively charged group is shown in blue. The myristoylated N-terminal peptide of CAP-23/NAP-22 (myr-GGKLSKKKK) in an elongated structure (bottom); the myristoyl moiety and Leu^4^ are shown in red; the positively charged amino acid residues are shown in blue, and one phosphorylatable amino acid residue, Ser^5^, is shown in yellow. All of these molecules include the basic amphiphilic natures (basic group---blue, hydrophobic group---red) in them.](pjab-86-494-g008){#fig08}

![Scheme of reversible translocation of myristoylated proteins between the membrane and cytoplasmic fractions.](pjab-86-494-g009){#fig09}

![pI values and hydrophobicity profiles of the N-terminal amino acid sequences of some members of the predicted myristoylated protein database. pI values were calculated using Protein Identification and Analysis Tools on the ExPASy Server.^[@r84])^ Hydrophobicity profiles were calculated by the Kyte--Doolittle method^[@r85])^ using the Molecular Toolkit of Colorado State University. The attached numbers of each panel correspond to numbers in the list of the predicted myristoylated proteins shown below.](pjab-86-494-g010){#fig10}

###### 

Comparison between myristoylation and palmitoylation

                         N-myristoylation                 S-palmitoylation
  ---------------------- -------------------------------- --------------------------------
  Modifying group;       myristate                        palmitate
  Chemical structure;    14-carbon saturated fatty acid   16-carbon saturated fatty acid
  Modification enzyme;   N-myristoyl transferase          dependent on each case
  Timing;                co-translational                 post-translational
  Linkage;               Gly                              Cys
  Chemical bond;         amide                            thio-ester
  Modified proteins;     Src family members               G protein coupled receptors
                         α subunits of G proteins         HLA
                         HIV Nef                          caveolin
                         Calcineurin B                    CD4
                         recoverin                        influenza HA
                         catalytic subunit of A kinase    GAP43
                         cytochrome b5 reductase          H-Ras, N-Ras
                         NAP22                            α subunits of G proteins
                         MARCKS                           Src family members

###### 

Radius of gyration Rg and maximum dimension d~max~ for Ca^2+^/CaM and its complexes

  ---------------------------------------------------------------------
                                *Rg* \[Å\]   *dmax* \[Å\]   reference
  ----------------------------- ------------ -------------- -----------
  Ca^2+^/CaM^a^                 21.9 ± 0.3   62             36

  Ca^2+^/CaM - myristoylated\   19.8 ± 0.3   50             36
  ​ NAP22 peptide^a^                                        

  Ca^2+^/CaM^a^                 21.5 ± 0.3   69             61

  Ca^2+^/CaM - M13^a,b^         16.4 ± 0.2   49             27

  Ca^2+^/CaM - W-7^a^           17.6 ± 0.3   47             62
  ---------------------------------------------------------------------

^a^Values at zero protein concentration obtained by SAXS experiment.

^b^M13: a peptide based on the CaM-binding domain of MLCK.

###### 

Amino acid sequence alignment of human myristoylated proteins predicted by the genome analysis^a^

  Name^b^                                                      Sequence^c^              Ref.^d^
  ------------------------------------------------------------ ------------------------ ---------
  CAP-23/NAP-22                                                **G**G**KLS**KKKKG       14
  tyrosine protein kinase transforming protein src (p60-Src)   **G**SSK**S**KPKDP       63
  proto-oncogene tyrosine protein kinase src (p60-Src)         **G**SNK**S**KPKDA       63
  HIV Nef                                                      **G**G**KWS**KSSVV       64
                                                                                        
  (2′-5′)oligoadenylate synthetase                             **G**NGE**S**QLSSV       65
  annexin XIII                                                 **G**N**R**HAKASSP       66
  guanylate cyclase activating protein 1                       **G**NV**M**EGKSVE       67
  NADH-ubiquinone oxidoreductase B18 subunit                   **G**AH**L**VRRYLG       \*
  NADH-cytochrome b5 reductase                                 **G**AQ**LS**TLGHM       68
  endothelial nitric oxide synthase (eNOS)                     **G**NLK**S**VAQEP       69
  acetylcholine receptor-associated 43 kD protein              **G**QDQ**T**KQQIE       70
  T-lymphoma invasion and metastasis inducing protein 1        **G**NAE**S**QHVEH       \*
  visinin-like protein 1                                       **G**KQN**S**KLAPE       71
  recoverin                                                    **G**NSK**S**GALSK       72
  calcineurin B                                                **G**NE**AS**YPLEM       73
  neuron-specific calcium-binding protein hippocalcin          **G**KQN**S**KLRPE       74
  neurocalcin d                                                **G**KQN**S**KLRPE       75
  calcium-binding protein P22/calcineurin homologous protein   **G**S**RAS**TLLRD       \*
  a subunit of cAMP-dependent protein kinase                   **G**NA**A**AAKKGS       1
  b subunit of cAMP-dependent protein kinase                   **G**NA**AT**AKKGS       1
  g subunit of cAMP-dependent protein kinase                   **G**NAPAKKDTE           1
  b lymphocyte tyrosine protein kinase                         **G**LVS**S**KKPDK       76
  proto-oncogene tyrosine protein kinase Fyn (p59-Fyn)         **G**CVQCKDKEA           77
  tyrosine protein kinase Hck (hemopoietic cell kinase)        **G**G**R**S**S**CEDPG   78
  proto-oncogene tyrosine protein kinase Lck                   **G**CGC**S**SHPED       79
  tyrosine protein kinase Lyn                                  **G**CIK**S**KGKDS       \*
  proto-oncogene tyrosine protein kinase Yes (p61-Yes)         **G**CIK**S**KENKS       76
  ADP-ribosylation factor 1                                    **G**NI**F**ANLFKG       80
  ADP-ribosylation factor 3                                    **G**NI**F**GNLLKS       80
  ADP-ribosylation factor 4                                    **G**LT**IS**SLFSR       80
  ADP-ribosylation factor 5                                    **G**LT**VS**ALFSR       80
  ADP-ribosylation factor 6                                    **G**KV**LS**KIFGN       80
  HIV Gag                                                      **G**A**RAS**VLSGG       81
  guanine nucleotide-binding protein G~o~, α subunit 1         **G**CT**LS**AEERA       82
  guanine nucleotide-binding protein G~o~, α subunit 2         **G**CT**LS**AEERA       82
  guanine nucleotide-binding protein G~i~, α subunit 1         **G**CT**LS**AEDKA       82
  guanine nucleotide-binding protein G~i~, α subunit 2         **G**CT**VS**AEDKA       82
  guanine nucleotide-binding protein G~t~, α subunit 1         **G**AG**AS**AEEKH       82
  guanine nucleotide-binding protein G~t~, α subunit 2         **G**SG**AS**AEDKE       82
                                                                                        
  Residues required for the CaM binding^e^                     **G**-**KLS**- - - - -    

^a^When the modification has been identified in the protein from other species, the references are shown.

^b^Names of myristoylated proteins including the abbreviations. Refer to the superscripts for the formal name (see below).

^c^N-terminal ten-residue sequences.

^d^References for the myristoylation. Asterisks (\*) show that the myristoylation of the protein has not yet been directly identified, but the possibility of its eventual identification is suggested from the sequence similarity.

^e^Residues in CAP-23/NAP-22 required for the CaM binding (ref. 14) are shown with the phosphorylatable serin residue in the domain.

[^1]: (Communicated by Shigetada NAKANISHI, M.J.A.)
